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SUMMARY 
The NASA Langley Research Center is  c u r r e n t l y  engaged i n  a broad-based 
research  program to  e l imina te  or  minimize  inadver ten t  sp ins  for  advanced  
m i l i t a r y  a i r c r a f t .  R e c e n t  p i l o t e d  s i m u l a t o r  s t u d i e s  and a i r p l a n e  f l i g h t  tests 
have  demons t r a t ed  tha t  t he  au tomat i c  con t ro l  sys t ems  in  use  on  cu r ren t  f i gh te r s  
c a n  b e  t a i l o r e d  t o  p r o v i d e  a h t g h  d e g r e e  of s p i n  r e s z s t a n c e  for some config-  
u r a t i o n s  w i t h o u t  r e s t r i c t i o n s  t o  m a n e u v e r a b i l i t y .  Such  sys t ems  r e su l t  i n  
g r e a t l y  i n c r e a s e d  t a c t i c a l  e f f e c t i v e n e s s ,  s a f e t y ,  and p i lo t  conf idence .  
INTRODUCTION 
Recent experience has shown t h a t  most  contemporary f ighter  a i rplanes 
e x h i b i t  poor s t a l l  c h a r a c t e r i s t i c s  and a s t rong  tendency  to  sp in .  They a l s o  
have poor  sp in  charac te r i s t ics ,  and  recovery  f rom a fu l ly  deve loped  sp in  
i s  u s u a l l y  d i f f i c u l t  o r  i m p o s s i b l e .  A s  a r e s u l t  o f  t h e s e  u n s a t i s f a c t o r y  s t a l l  
and s p i n  c h a r a c t e r i s t i c s ,  t h e  d e v e l o p e d  s p i n  is c u r r e n t l y  a n  u n d e s i r a b l e  and 
po ten t i a l ly  dange rous  f l i gh t  cond i t ion  wh ich  shou ld  be  avo ided .  The re  is ,  
the re fo re ,  an  u rgen t  need  to  deve lop  gu ide l ines  fo r  u se  in  the  des ign  of 
f u t u r e  m i l i t a r y  a i r c r a f t  i n  o r d e r  t o  m i n i m i z e  o r  e l i m i n a t e  s p i n s  and i n s u r e  
good h a n d l i n g  q u a l i t i e s  a t  h igh  ang le s  of a t t a c k .  The National Aeronautics and 
Space Adminis t ra t ion (NASA) c u r r e n t l y  h a s  a broad research program underway to 
p rov ide  these  gu ide l ines .  As shown i n  f i g u r e  1, the program  includes conven- 
t i o n a l  s ta t ic  wind-tunnel  force tests, dynamic f o r c e  tests, f l i g h t  tests of 
dynamica l ly  sca l ed  mode l s ,  t heo re t i ca l  s tud ie s ,  and p i lo t ed  s imula to r  s tud ie s .  
Two approaches  to  p rov id ing  sp in  r e s i s t ance  are cur ren t ly  under  cons idera-  
t i o n .  I n  t h e  f i r s t  a p p r o a c h ,  t h e  b a s i c  a i r f r a m e  is c o n f i g u r e d  t o  be inher-  
e n t l y  s p i n  r e s i s t a n t  by v i r t u e  o f  good s t a b i l i t y  and  con t ro l  cha iac t e r i s -  
t i c s  a t  h igh  angles  of  a t tack .  A t  t h e  p r e s e n t  t i m e ,  however, t he  conf igu ra t ion -  
dependent nature of t h e  problem and a l a c k  of unders tanding  of  the  major  fac tors  
a f f e c t i n g  s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s  a t  h i g h  a n g l e s  o f  a t t a c k  f o r  
cu r ren t  f i gh te r s  have  p reven ted  the development of de t a i l ed  des ign  p rocedures  
f o r  i n h e r e n t  s p i n  resistance. The  second  more  promising  approach t o  p r o v i d i n g  
s p i n  r e s i s t a n c e  is th rough  the  use  of av ion ic s  and f l i g h t  c o n t r o l  s y s t e m  ele- 
ments i n  au tomat i c  sp in  p reven t ion  concep t s .  Such concepts  can  be  h ighly  
e f f e c t i v e  i n  p r e v e n t i n g  i n a d v e r t e n t  stalls and spins;  however,  they must be 
designed SO as n o t  t o  restrict the  maneuverab i l i t y  and t ac t i ca l  e f f e c t i v e n e s s  
of t h e  a i r p l a n e .  
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The p r e s e n t  p a p e r  d i s c u s s e s  t h e  r e s u l t s  of r e c e n t  NASA s tudies  on  au to-  
matic sp in  p reven t ion .  The  s tud ie s  were conducted a t  t h e  NASA Langley Research 
Center (LaRC) u s ing  p i lo t ed  s imula to r  s tud ie s .  
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AUTOMATIC SPIN PREVENTION  CONCEPTS 
Experience has  shown t h a t  s p i n s  c a n  g e n e r a l l y  b e  a v o i d e d  i f  t h e  p r o p e r  
r ecove ry  ac t ion  is t aken  immedia t e ly  a f t e r  depa r tu re  f rom con t ro l l ed  f l i gh t  
wh i l e  t he  sp in  ene rgy  i s  low  and the aerodynamic controls  are e f f e c t i v e .  The 
problem i n  e f f e c t i n g  s u c h  e a r l y  r e c o v e r y  is  t h a t  t h e  p i i o t  f r e q u e n t l y  is not  
ab le  to  t ake  immedia t e  co r rec t ive  ac t ion  because  of d i s o r i e n t a t i o n  which 
r e s u l t s  from h i s  l a c k  o f  expe r i ence  wi th  sp ins  o f  such  a i r c ra f t ,  from t h e  f a c t  
t h a t  t h e  d e p a r t u r e  and sp in  en t ry  occurred  unexpec ted ly  when h e  w a s  i n t e n t  on 
another  task ,  and from the violent  and confusing nature  of  the motions during 
s p i n  e n t r y  f o r  many a i r p l a n e s .  T h i s  s i t u a t i o n  would seem t o  s u g g e s t  t h e  u s e  
of  an automatic  system which could quickly ident i fy  the s i tuat ion and t a k e  t h e  
r equ i r ed  ac t ion .  An e l ec t ron ic  sys t em capab le  of t h i s  t a s k  would  have several 
inherent  advantages  over  the  human p i lo t ,  i nc lud ing  (1 )  qu icke r  and s u r e r  
r ecogn i t ion  o f  an  inc ip i en t  sp in ,  (2) f a s t e r  r e a c t i o n  time f o r  i n i t i a t i o n  o f  
recovery,  (3) app l i ca t ion 'o f   co r rec t   sp in - r ecove ry   con t ro l s ,  and ( 4 )  elimina- 
t i o n  of tendencies  toward  sp in  reversa l .  
The idea  of au tomat ic  sp in-prevent ion ,  or  recovery ,  sys tems is not  new. 
S t i c k  p u s h e r s  t h a t  p r e v e n t ,  o r  d i s c o u r a g e ,  s t a l l i n g  t h e  a i r p l a n e  are, i n  a 
sense,  spin-prevention systems; but they may restrict t h e  p i l o t  f rom exploi t ing 
the  fu l l  po ten t ia l -maneuver  envelope  of t h e  a i r p l a n e .  The i n s t a l l a t i o n  o f  more 
e l abora t e  au tomat i c  sp in -p reven t ion ,  o r  r ecove ry ,  sys t ems  has ,  un t i l  r ecen t  
years ,  involved  the  addi t ion  of  comple te  sens ing ,  log ic ,  and control  systems 
a t  a t i m e  when such devices  were n o t  v e r y  r e l i a b l e  and would probably not  have 
been  main ta ined  in  proper  opera t ing  condi t ion  because  they  were p r o t e c t i n g  
a g a i n s t  a ve ry  rare occurrence .  The  fac t  tha t  modern t ac t i ca l  a i r p l a n e s  
a l ready  incorpora te  most  of the  e lements  of automatic  spin-prevent ion (or  
recovery)  sys tems,  toge ther  wi th  a g r e a t  i n c r e a s e  i n  t h e  r e l i a b i l i t y  of 
avionics  systems,  now makes the  use  of  these  au tomat ic  sys tems more p r a c t i c a l .  
Severa l  approaches  to  au tomat ic  sp in  prevent ion  have  been  eva lua ted  by 
NASA. The concepts  s tud ied  and  the  area of appl ica t ion  of  each  concept  
are g r a p h i c a l l y  d e p i c t e d  i n  f i g u r e  2. Yaw rate and angle  of  at tack are 
used as the  p r imary  va r i ab le s  iden t i fy ing  sp in  en t ry .  Fo r  a p a r t i c u l a r  air- 
p l ane  conf igu ra t ion ,  one  can  gene ra l ly  iden t i fy  two important  areas i n  t h e  
yaw- ra t eng le -o f -a t t ack  p l ane :  t he  a i rp l ane  maneuver  envelope  involving 
r e l a t i v e l y  low va lues  of yaw rate and angle  of  a t tack ,  and  the  deve loped  sp in  
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r e g i o n  i n v o l v i n g  r e l a t i v e l y  h i g h  v a l u e s  o f  yaw rate and  angle  of  a t tack .  Three  
types  of au tomat ic  cont ro l  concepts  have  been  eva lua ted :  (1) au tomat i c  sp in  
recovery,  (2) au tomat ic  sp in  prevent ion ,  and  (3) automat ic  depar ture  prevent ion .  
In  the  au tomat ic -sp in- recovery  concept ,  the  a i rp lane  is a l lowed  to  depa r t  
f r o m  c o n t r o l l e d  f l i g h t ,  e x p e r i e n c e  t h e  i n c i p i e n t  s p i n ,  a n d  e n t e r  t h e  f u l l y  
developed spin. Values of yaw rate and angle  of  a t tack  suppl ied  by  the  sen-  
so r s  u sed  in  the  au tomat i c  con t ro l  sys t em are sampled t o  i d e n t i f y  t h e  d e v e l -  
oped sp in  cond i t ion  and  ac tua te  the  p rope r  r ecove ry  con t ro l s .  The r e s u l t s  o f  
a s tudy  o f  t he  e f f ec t iveness  and va lue  of  such  a sys tem ( re f .  1) i n d i c a t e d  t h a t  
t he  p r imary  bene f i t s  o f  t h i s  t ype  of  concept were: r a p i d  i d e n t i f i c a t i o n  of t h e  
sp in ,  i npu t  of proper  recovery  cont ro ls ,  and  minimiza t ion  or  e l imina t ion  of  
s p i n  reversals fol lowing recovery.  The concep t  obv ious ly  r equ i r e s  the  a i rp l ane  
unde r   cons ide ra t ion   t o   have   s a t i s f ac to ry   sp in - r ecove ry   cha rac t e r i s t i c s .   I nas -  
much as most cur ren t  f igh ter  des igns  have  poor  recovery  charac te r i s t ics  f rom 
developed spins,  it would appear  tha t  sys tems of  th i s  type  would b e  r e l a t i v e l y  
ine f f ec t ive .  In  f ac t ,  t he  concep t  appea r s  t o  be  work ing  ' ' t he  wrong  end o f  t he  
problem. 'I 
The au tomat ic -sp in-prevent ion  concept  ind ica ted  in  f igure  2 a l s o  a l l o w s  
t h e  a i r p l a n e  t o  d e p a r t  f r o m  c o n t r o l l e d  f l i g h t ;  h o w e v e r ,  r e c o v e r y  c o n t r o l s  are 
a c t u a t e d  d u r i n g  t h e  e a r l y  s t a g e s  of t h e  i n c i p i e n t  s p i n  when recovery  charac te r -  
i s t i c s  are gene ra l ly  good. By s imul taneous ly  sens ing  angle  of  a t tack  and yaw 
rate, a control  actuat ion boundary can be establ ished which limits t h e  a t t a i n -  
ab le  magni tudes  of  these  var iab les ,  thereby  prevent ing  sp ins .  An automatic- 
spin-prevent ion system concept  has  been s tudied (ref .  1) u s i n g  t h e o r e t i c a l  
s t u d i e s  and f l i g h t  tests of an unpowered drop model of a c u r r e n t  m i l i t a r y  con- 
f i g u r a t i o n .  The r e s u l t s  of t h e  t h e o r e t i c a l  s t u d i e s  showed tha t  such  a system 
w a s  ex t remely  e f fec t ive  in  prevent ing  developed  sp ins ,  and  tha t  the  exac t  con- 
f igura t ion  of  the  au tomat ic  sys tem w i l l  depend on t h e  s t a l l / s p i n  c h a r a c t e r i s -  
t i c s  of t he  a i rp l ane  des ign  unde r  cons ide ra t ion .  The m o d e l . f l i g h t  tests 
v e r i f i e d  t h e  t h e o r e t i c a l  r e s u l t s  and showed t h a t  c u r r e n t  f l i g h t - c o n t r o l  compo- 
nents could be used to implement the system. 
A s  might  be  expec ted ,  the  cont ro l  ac tua t ion  boundary  for  the  au tomat ic -  
sp in-prevent ion  concept  can  be  des igned  to  be  in  proximi ty  t o  the normal 
f l igh t  envelope ,  thereby  permi t t ing  only  minimal  excurs ions  f rom cont ro l led  
f l i g h t .  It should   be   po in ted   ou t   tha t   the   concept   descr ibed   does   no t   in f r inge  
on the  maneuverabi l i ty  of t h e  a i r p l a n e  o r  restrict  t h e  t ac t ica l  e f f ec t iveness .  
of the  vehic le .  Rather ,  the  sys tem quickly  senses  an  out -of -cont ro l  condi t ion  
and  impending s p i n  and a p p l i e s  c o n t r o l  i n p u t s  r e q u i r e d  of t h e  p i l o t  i n  a r a p i d ,  
c o r r e c t  manner. 
The au tomat ic -sp in-prevent ion  concept  appears  to  be  idea l ly  su i ted  for  
a i r p l a n e s  which are e s p e c i a l l y  s u s c e p t i b l e  t o  i n a d v e r t e n t  s p i n s .  I n  p a r t i c u -  
l a r ,  conf igura t ions  which  exhib i t  a s e v e r e  d i r e c t i o n a l  d i v e r g e n c e  and l o s s  of 
c o n t r o l  power a t  h igh  ang le s  of a t t a c k  are a p p r o p r i a t e  f o r  a p p l i c a t i o n  of t h e  
system i f  no l i m i t  i s  des i red  on  angle  of a t t ack  a t t a ined  du r ing  no rma l  f l i gh t .  
F igh te r  conf igu ra t ions ,  however, may e x h i b i t  a d ivergence  a t  an  ang le  o f  a t t ack  
considerably higher  than those used in  normal  maneuvering f l ight .  In  this  
case, a r t i f i c i a l  a n g l e - o f - a t t a c k  l i m i t i n g  s y s t e m s  may be more appropr i a t e .  
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Recently,  a number  of f ighter  configurat ions.have been developed which 
are dynamica l ly  s t ab le  a t  h igh  ang le s  of a t t a c k  w i t h  no na tu ra l  t endency  to  
d i v e r g e  i n  yaw. However, t h e  d e s i g n s  are sub jec t  t o  con t ro l - induced  depa r tu re s  
f r o m  c o n t r o l l e d  f l i g h t  as a r e s u l t  of l a r g e  v a l u e s  of adverse  yaw a t  h igh  
angles  of  a t tack .  These  vehic les  are w e l l  s u i t e d  f o r  t h e  a p p l i c a t i o n  of auto- 
mat ic-departure-prevent ion concepts  ( ref .  2) which, as i n d i c a t e d  i n  f i g u r e  2 ,  
ope ra t e  wi th in  the  no rma l  maneuver envelope of t h e  a i r p l a n e  i n  o r d e r  t o  p r e v e n t  
na tu ra l  o r  con t ro l - induced  depa r tu re s  f rom con t ro l l ed  f l i gh t .  It w i l l  be  shown 
tha t  t he  use  o f  such  sys t ems  does  no t  i nh ib i t  maneuver ing  o f  t he  a i rp l ane  a t  
h igh  ang le s  o f  a t t ack  and a c t u a l l y  i n c r e a s e s  t h e  u s a b l e  m a n e u v e r a b i l i t y  as 
w e l l  as the  p i lo t ' s  conf idence  dur ing  s t renuous  maneuvers .  
EVALUATION PROCEDURES 
Several  techniques have been developed a t  LaRC f o r  t h e  e v a l u a t i o n  of 
automatic  departure/spin-prevention systems. A s  previously  ment ioned,   f ree-  
f l i g h t  tests of dynamically scaled models and t h e o r e t i c a l  s t u d i e s  of f l i g h t  
mot ions  have  been  ex t remely  va luable  in  assess ing  the  e f fec t iveness  of such 
systems;  >owever ,  these techniques do not  a l low an evaluat ion of  pi lot  react ion 
t o  t h e  e f f e c t s  of automatic systems on maneuverabili ty and tactical  e f f e c t i v e -  
ness .   The ,Langley   d i f fe ren t ia l   maneuver ing   s imula tor  (DMS) has   t he re fo re   been  
used  to  obta in  such  informat ion .  
The DMS is  a f ixed  base  s imula to r  wh ich  has  the  capab i l i t y  of s imulta-  
neously s imulat ing two a i r p l a n e s  as they maneuver wi th  r e spec t  t o  one  ano the r .  
Each p i l o t  is provided a v i s u a l  d i s p l a y  of t he  sky -Ear th  o r i en ta t ion  wi th  
r e s p e c t  t o  h i s  a i r p l a n e ;  i n  a d d i t i o n ,  a pro jec ted  image  of h i s  opponen t ' s  
a i r p l a n e  is a lso  provided  by way of a computer-control led te levis ion system. 
A ske tch  of the general  arrangement  of  the DMS hardware and control  console  is 
shown i n  f i g u r e  3 .  Contained  within  each  of two 40-ft (12.2-m) diameter  pro- 
j e c t i o n  s p h e r e s  are a c o c k p i t ,  a n  a i r p l a n e  image project ion system, and a sky- 
Ear th  pro jec t ion  sys tem.  A photograph  of  one  of  the  cockpi t s  and  the  ta rge t  
v i sua l  d i sp l ay  du r ing  a typical.  engagement i s  shown i n  f i g u r e  4. A cockpi t  
and  in s t rumen t  d i sp l ay  r ep resen ta t ive  o f  Fur ren t  f i gh te r  aircraft  equipment are 
used  together   with a f i x e d  g u n s i g h t  f o r  t r a c k i n g .  A programmable,  hydraulic, 
con t ro l - f ee l  sys t em p rov ides  the  capab i l i t y  of r ep resen t ing  realist ic cont ro l -  
f o r c e  c h a r a c t e r i s t i c s .  Some of t h e  u n i q u e  c a p a b i l i t i e s  of t h e  DMS which make 
it w e l l  s u i t e d  f o r  s t u d i e s  of  automatic  departure-spin prevent ion are: t h e  
realistic c o c k p i t / v i s u a l  p r e s e n t a t i o n ,  t h e  u s e  of realist ic eva lua t ion  t a sks ,  
and t h e  a b i l i t y  t o  h a n d l e  c o m p r e h e n s i v e  d a t a  p a c k a g e s .  A d d i t i o n a l  d e t a i l s  o n  
t h e  DMS f a c i l i t y  are g i v e n  i n  r e f e r e n c e  3.  
Prev ious  expe r i ence  wi th  the  s imula t ion  of f i g h t e r  s t a l l / s p i n  c h a r a c t e r -  
istics (ref. 4) has shown t h a t  v i s u a l  t r a c k i n g  t a s k s  w h i c h  r e q u i r e  t h e  p i l o t  
t o  d i v e r t  h i s  a t t e n t i o n  f r o m  t h e  i n s t r u m e n t  p a n e l  are n e c e s s a r y  t o  p r o v i d e  
realism i n  s t u d y i n g  t h e  p o s s i b i l i t y  of u n i n t e n t i o n a l  l o s s  of c o n t r o l  and s p i n  
entry.   Furthermore,  earlier s tud ie s  have  shown tha t   mi ld ,   wel l -def ined  maneu- 
vers can  produce  mis leading  resu l t s  inasmuch as a conf igu ra t ion  tha t  behaves  
f a i r l y  w e l l  in  such mild maneuvers  may b e  v i o l e n t l y  u n c o n t r o l l a b l e  i n  t h e  
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complex  and p r e s s i n g  n a t u r e  of  high-g,  air-combat  maneuvering.  Finally,  for 
purposes of evaluation in comparing the performance of several conf igu ra t ions ,  
t h e  t a s k s  employed  must be  r epea tab le .  The test  p rocedures  used  in  the  DMS 
s tud ie s  accoun t  fo r  t he  fo rego ing  f ac to r s  and  can  gene ra l ly  be  d iv ided  in to  
two phases.  The f i r s t  i n v o l v e s  n o n t r a c k i n g  t a s k s  i n  w h i c h  t h e  e v a l u a t i o n  air- 
p lane  i s  flown through individual high-angle-of-attack maneuvers including 
1-g stalls ,  wind-up t u r n s ,  high-g r o l l  reversals, hammerhead stalls, and 
coupling  maneuvers.  These tests a l low a comprehensive  examination  of  the air- 
p l a n e ' s  o v e r a l l  s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s  a t  h igh  ang le s  o f  a t t ack  
inc lud ing   cond i t ions   i nvo lv ing  complex  aerodynamic  and i n e r t i a  c o u p l i n g .  I n  
a d d i t i o n ,  t h e y  i n d i c a t e  t h e  t y p e s  of maneuvers which are t h e  most cr i t ical  i n  
terms of t h e  d e p a r t u r e  s u s c e p t i b i l i t y  of t h e  a i r p l a n e .  The  second test phase 
invo lves  t r ack ing  of a t a rge t  a i rp l ane  th rough  a series of maneuvers represen- 
t a t ive  of  air .combat  maneuvering (ACM). I n  o r d e r  t o  o b t a i n  r e a s o n a b l e  maneu- 
vers which, on the.other hand, w i l l  f o rce  the  t r ack ing  a i rp l ane  in to  maneuver ing  
i n   t h e  c r i t i ca l  h igh -ang le -o f -a t t ack  r eg ime ,  t he  t a rge t  a i rp l ane  i s  programed 
t o  have  the  same t h r u s t  and  per formance  charac te r i s t ics  as t h e  e v a l u a t i o n  air- 
p lane ;  however ,  the  ta rge t  a i rp lane  i s  given ideal ized high-angle-of-at tack 
s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s .  The t a r g e t  a i r p l a n e  is flown  by  the 
eva lua t ion  p i lo t  t h rough  a series of ACM t a s k s  of vary ing  levels of d i f f i c u l t y  
w h i l e  t h e  t a r g e t ' s  m o t i o n s  are recorded  for  p layback  later t o  d r i v e  t h e  t a r g e t  
as t h e  t a s k  f o r  t h e  e v a l u a t i o n  a i r p l a n e .  R e s u l t s  o b t a i n e d  i n  t h e  f i r s t  test 
phase are fac tored  in to  the  genera t ion  of  these  ta rge t  maneuvers  S O  t h a t  t h e  
most c r i t i ca l  f l i g h t  c o n d i t i o n s  w i l l  be encountered by t h e  e v a l u a t i o n  a i r p l a n e  
du r ing   t r ack ing .   These   t r ack ing   t a sks   gene ra l ly   f a l l   i n to   t h ree   ca t egor i e s :  
(a )  s teady  wind-up tu rns  fo r  s t eady  t r ack ing  ev laua t ion ,  (b )  bank-to-bank 
( o r  h o r i z o n t a l  S) t a sks  wi th  g radua l ly  inc reas ing  ang le  of a t t a c k  up t o  maxi- 
mum a t o   e v a l u a t e   r a p i d   r o l l s  and t a r g e t   a c q u i s i t i o n ,  and (c)  complex, 
vigorous ACM t a s k s  t o  e v a l u a t e  t h e  s i m u l a t e d  a i r p l a n e ' s  s u s c e p t i b i l i t y  t o  
high-angle-of-attack handling quali t ies problems during aggressive maneuvering. 
These  t racking  tasks ,   then,   provide  the  complex,   repeatable ,   p i lot-at tent ion-  
out-of-the-cockpit  tasks which are r e q u i r e d  f o r  real is t ic  i n v e s t i g a t i o n  of 
u n i n t e n t i o n a l  l o s s  of c o n t r o l  and s p i n  e n t r y .  
The r e su l t s  o f  t hese  s tud ie s  us ing  the  above  eva lua t ion  p rocedures  are i n  
the form of t ime-his tory  records  of  a i rp lane  mot ions  and p i l o t  comments 
r e g a r d i n g  t h e  d e p a r t u r e / s p i n  s u s c e p t i b i l i t y  of p a r t i c u l a r  c o n f i g u r a t i o n s  and 
t h e  e f f e c t s  o f  au tomat i c  p reven t ion  sys t ems  on  these  cha rac t e r i s t i c s .  The 
ob jec t ives   o f   such   s tud ie s  are: ( 1 )   t o   d e t e r m i n e   t h e   c o n t r o l l a b i l i t y  and 
d e p a r t u r e  r e s i s t a n c e  of a conf igu ra t ion  du r ing  1-g stalls  and acce le ra t ed  
stalls ,  (2) t o  d e t e r m i n e  t h e  d e p a r t u r e  s u s c e p t i b i l i t y  of t he  conf igu ra t ion  
during demanding a i r  combat  maneuvers,  and ( 3 )  t o  i d e n t i f y  maneuvers o r  f l i g h t  
condi t ions  which  might  overpower  the  depar ture- res i s tan t  charac te r i s t ics  pro-  
vided by the  au tomat ic  cont ro l  sys tem.  Some o f  t he  more s i g n i f i c a n t  r e s u l t s  
are reviewed i n  t h e  f o l l o w i n g  s e c t i o n .  
RESULTS OF SIMULATION 
A t  t h e  p r e s e n t  time, s i m u l a t o r  s t u d i e s  o f  t h e  a p p l i c a t i o n  of automatic  
departure/spin-prevention systems have been conducted a t  LaRC f o r  t h e  F-14, 
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YF-16, and YF-17 a i r p l a n e s .  The r e s u l t s  of t h e  s t u d i e s  show tha t  such  sys tems 
c a n  b e  v e r y  e f f e c t i v e  i n  p r e v e n t i n g  i n a d v e r t e n t  d e p a r t u r e s  f r o m  c o n t r o l l e d  
f l igh t  dur ing  s t renuous  maneuver ing .  The r e s u l t i n g  improvement i n  high-angle- 
of -a t tack  charac te r i s t ics  markedly  improves  handl ing ,  maneuverabi l i ty ,  and  
s a f e t y .  A s  a r e s u l t  o f  t h e s e  i m p r o v e m e n t s ,  t h e  p i l o t ' s  c o n f i d e n c e  i n  t h e  
c a p a b i l i t y  o f  t h e  v e h i c l e  is g r e a t l y  i n c r e a s e d ,  and the  conf igu ra t ion  can  be  
u s e d  t o  its f u l l  c a p a b i l i t y .  Al of t h e  s t u d i e s  show t h a t  t h e s e  a u t o m a t i c  
systems can be implemented with current  f l ight  hardwarre. As examples of t h e  
a p p l i c a t i o n s  of such systems, two types  of departure/spin-prevention concepts  
tha t  have  been  s tudied  w i l l  be  d iscussed .  
Roll-Yaw Interconnect Systems 
Shown i n  f i g u r e  5 are t y p i c a l  l a t e r a l - d i r e c t i o n a l  c o n t r o l  c h a r a c t e r i s t i c s  
f o r  f i g h t e r  c o n f i g u r a t i o n s  w i t h  a d v e r s e  yaw. The d a t a  show t h e  v a r i a t i o n  w i t h  
angle of attack of yawing moments produced by a i l e r o n s  a n d  r u d d e r  f o r  r i g h t  
r o l l  and r i g h t  yaw c o n t r o l  i n p u t s .  The  yawing moments produced  by a i l e r o n s  a t  
low ang les  o f  a t t ack  are f a v o r a b l e  ( n o s e  r i g h t )  f o r  r i g h t  r o l l  c o n t r o l ;  however, 
t h e  moments  become a d v e r s e  ( n o s e  l e f t )  a t  h igh  ang le s  o f  a t t ack .  R igh t  rudde r  
input produces a normal  nose  r igh t  moment, bu t  a t  h igh  ang le s  of a t t a c k  t h e  
rudder  loses  e f fec t iveness  because  of impingement of the low energy wake from 
t h e  p a r t i a l l y  s t a l l e d  wing. A s  can  be  seen,  the  magnitudes of t he  adve r se  
moments d u e  t o  a i l e r o n s  are much l a r g e r  t h a n  t h e  c o r r e c t i v e  moments a v a i l a b l e  
from the  rudde r .  When t h e  r e s u l t i n g  a d v e r s e  moments are coupled with low 
d i r e c t i o n a l  s t a b i l i t y  a t  h igh  ang le s  of a t t a c k ,  a r e v e r s a l  of r o l l  r e s p o n s e  
o c c u r s  w h e r e i n  t h e  a i r p l a n e  r o l l s  i n  a d i r e c t i o n  o p p o s i t e  t o  t h a t  d e s i r e d  by 
t h e  p i l o t .  
Shown i n  f i g u r e  6 are ca l cu la t ed  t i m e  h i s t o r i e s  which i l l u s t r a t e  t h e  r o l l  
r e v e r s a l  phenomenon. The r o l l  r e s p o n s e  of a t y p i c a l  c o n f i g u r a t i o n  is shown a t  
an angle  of  a t tack of  25" f o r  c o n t r o l  i n p u t s  of  rudder  a lone and ai leron alone 
f o r  r i g h t  r o l l  c o n t r o l .  The response  to  the  rudder  input  is s e e n  t o  b e  q u i t e  
normal.  The a i r p l a n e  yaws t o   t h e   r i g h t ,   c r e a t i n g   n o s e - r i g h t   s i d e s l i p .  The 
d i h e d r a l  e f f e c t  t h e n  r o l l s  t h e  a i r p l a n e  t o  t h e  r i g h t ,  as d e s i r e d .  I n  c o n t r a s t  
t o  t h i s  r e s u l t ,  i n p u t  of a i l e r o n  c o n t r o l  creates adverse  yaw which causes the 
a i r p l a n e  t o  yaw t o  t h e  l e f t ,  and t h e  s i d e s l i p  c r e a t e d  is i n  t h e  o p p o s i t e  d i r e c -  
t i o n ,  r e s u l t i n g  i n  t h e  d i h e d r a l  e f f e c t  o p p o s i n g  t h e  r o l l i n g  moment produced by 
t h e  a i l e r o n .  A f t e r  a b r i e f  time, t h e  a i r p l a n e  r o l l s  t o  t h e  l e f t  i n  r e s p o n s e  
t o  t h e  r i g h t  r o l l  c o n t r o l .  
A s  would be  expec ted ,  t he  r eve r sed  ro l l  r e sponse  to  no rma l  lateral  c o n t r o l  
s t i c k  i n p u t s  p r e s e n t s  t h e  p i l o t  w i t h  a coord ina t ion  p rob lem in  o rde r  t o  avo id  
u n i n t e n t i o n a l  l o s s  of c o n t r o l  and sp ins .  Most f i g h t e r  p i l o t s  a d a p t  t o  t h e  
s i t u a t i o n  by t r ans i t i on ing  f rom la teral  s t i c k  i n p u t s  f o r  r o l l  c o n t r o l  a t  low c1 
t o  r u d d e r  p e d a l  i n p u t s  f o r  r o l l  c o n t r o l  a t  h igh  a. The  problem  becomes.one of 
how t o  p h a s e  t h e s e  c o n t r o l s  i n  a n  optimum manner t o  o b t a i n  maximum performance, 
p a r t i c u l a r l y  d u r i n g  t h e  p r e s s u r e  of combat. 
Using the s imulator  a t  LaRC, it has been foGnd tha t  conf igura t ions  which  
e x h i b i t  s u c h  c h a r a c t e r i s t i c s  are s u s c e p t i b l e  t o  i n a d v e r t e n t  d e p a r t u r e s  d u r i n g  
vigorous combat  maneuvers. Many p roposed  so lu t ions  to  th i s  p rob lem have  been  
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evalua ted  dur ing  the  s imula t ions ,  bu t  the  most  effective has  been  found to  be  
t h e  g e n e r a l  class of  ro l l /yaw cont ro l - in te rconnec t  (or  ARI) systems.  With this  
scheme, t he  rudde r  is e l e c t r o n i c a l l y  l i n k e d  t o  move w i t h  t h e  r o l l  c o n t r o l  so as 
t o  c o u n t e r  t h e  a d v e r s e  yaw p r o d u c e d  b y  t h a t  c o n t r o l .  I n  a d d i t i o n ,  f o r  s i t u a -  
t i ons  such  as tha t  descr ibed  above  where in  the  adverse  moments d u e  t o  a i l e r o n s  
can  be  much l a r g e r  t h a n  t h e  c o r r e c t i v e  moments ava i l ab le  f rom the  rudde r ,  t he  
in t e rconnec t  sys t em mus t  a l so  phase  ou t  t he  a i l e ron  de f l ec t ions .  In  th i s  case, 
p i l o t  s t i c k  i n p u t s  d r i v e  t h e  r u d d e r  i n  a d d i t i o n  t o ,  o r  i n s t e a d  o f ,  t h e  n o r m a l  
ro l l -cont ro l  sur faces .  Because  of t he  wide  va r i a t ion  o f  t he  ' con t ro l  cha rac t e r -  
istics w i t h  a n g l e  of attack, ro l l /yaw cont ro l - in te rconnec t  sys tems are neces- 
s a r i l y  s c h e d u l e d  as a func t ion   of  a. In a d d i t i o n ,  i n  some cases Mach 
schedul ing has a l s o  been found to  be necessary.  
An example  of in te rconnec t  schedul ing  i s  shown i n  f i g u r e  7 .  Bas i ca l ly ,  
t he  con t ro l  sys t em w a s  mod i f i ed  such  tha t  de f l ec t ion  of t h e  c o n t r o l  s t i c k  
l a t e r a l l y  produced a i l e r o n  i n p u t s  a t  low ang les  of a t t a c k  and rudder  inputs  
a t  h igh  angles  of  a t tack .  A s  shown i n  t h e  s k e t c h ,  t h e  a i l e r o n s  f o r t h e  example 
d iscussed  were phased  out by a = 25". A t  t h a t  p o i n t ,  la teral  s t i c k  i n p u t s  
produced only rudder  inputs .  In  addi t ion,  the yawing moments produced  by t h e  
a i le rons  above  a = 25" were used t o  a d v a n t a g e  i n  a n  a d d i t i o n a l  s t a b i l i t y  
augmentat ion channel  which augmented direct ional  s tabi l i ty .  
An example of t h e  e f f e c t i v e n e s s  of t he  ro l l / yaw con t ro l - in t e rconnec t  sys -  
tem i n  p r e v e n t i n g  d e p a r t u r e s  is  i l l u s t r a t e d  i n  f i g u r e  8 which  shows two 
at tempted  high-g  rol l ing reversals. With t h e  b a s i c  c o n t r o l  s y s t e m ,  t h e  p i l o t  
a p p l i e d  l e f t  r o l l  c o n t r o l  w h i l e  s i m u l t a n e o u s l y  l o a d i n g  t h e  a i r p l a n e  v e r y  
r a p i d l y .   I n i t i a l l y ,   t h e   a i r p l a n e   r e s p o n d e d  as des i r ed ;  however, as a 
i nc reased ,  an  inadve r t en t  con t ro l - induced  depa r tu re  to  the  r igh t  occu r red  
d e s p i t e  t h e  a p p l i c a t i o n  o f  f u l l  l e f t  c o n t r o l s .  When the  con t ro l  sys t em was 
mod i f i ed  wi th  the  in t e rconnec t ,  t he  p i lo t  w a s  a b l e  t o  e x e c u t e  t h e  t a s k  w i t h  
good cont ro l  th roughout  the  maneuver ( t h e  r o l l  w a s  i n t e n d e d  t o  b e  t o  t h e  l e f t  
i n  b o t h  cases). Th i s   con t ro l  scheme e s s e n t i a l l y  e l i m i n a t e d  i n a d v e r t e n t  s p i n s  
i n  t h e  s i m u l a t o r .  
The n e t  e f f e c t  of the  au tomat ic  in te rconnec t  scheme o n . r o l l  p e r f o r m a n c e  is 
i l l u s t r a t e d  i n  f i g u r e  9. With t h e  b a s i c  c o n t r o l  s y s t e m ,  t h e  r o l l  rate produced 
by la te ra l  d e f l e c t i o n  o f  t h e  c o n t r o l  s t i c k  r e v e r s e d  n e a r  CY, = 20°,  and t h e  
p i l o t  c o u l d  n o t  maneuver a t  h i g h e r  a n g l e s  o f  a t t a c k  w i t h  o n l y  s t i c k  i n p u t s .  
When the  cont ro l  sys tem was mod i f i ed  wi th  the  in t e rconnec t ,  t he  p i lo t  cou ld  
maneuver t h e  a i r p l a n e  beyond maximum l i f t  u s i n g  o n l y  s t i c k  i n p u t s  w i t h o u t  f e a r  
o r  u n i n t e n t i o n a l  d e p a r t u r e s .  
I n  g e n e r a l ,  t h e  r e s u l t s  of t h e  s i m u l a t i o n  s t u d i e s  i n d i c a t e  t h a t  t h e  u s e  
of a ro l l /yaw in te rconnec t  sys tem can  e l imina te  inadver ten t  depar tures  on  air- 
planes  which are inhe ren t ly  dynamica l ly  s t ab le  a t  h igh  a y e t  p r o n e  t o  
cont ro l - induced  depar tures  due  to  adverse  yaw. In  add i t ion  to  enhanc ing  depa r -  
t u re  r e s i s t ance ,  i n t e rconnec t  sys t ems  can  a l so  g rea t ly  improve  h igh -a  con t ro l -  
l a b i l i t y  c h a r a c t e r i s t i c s  s u c h  t h a t  t h e  a i r p l a n e  becomes much more e f f e c t i v e  i n  
t racking .  However, i t  shou ld  a l so  be  men t ioned  tha t  i n  a developed spin an 
in te rconnec t  sys tem can  be  d isadvantageous  in  tha t  i t  does  no t  a l low the  app l i -  
c a t i o n  of f u l l   r e c o v e r y   c o n t r o l s  (6, with  and g r  aga ins t   he   sp in ) .   Thus ,  
i n  t h e  e v e n t  o f  a sp in ,  these  sys tems should  be  deac t iva ted .  
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Latera l -Direc t iona l  S tab i l i ty  Augmenta t ion  
I n  a d d i t i o n  t o  a d v e r s e  yaw and l a c k  of c o n t r o l  e f f e c t i v e n e s s  a t  h igh  
ang le s  of attack, a n o t h e r  f a c t o r  t h a t  c a u s e s  i n a d v e r t e n t  d e p a r t u r e s  f r o m  con- 
t r o l l e d  f l i g h t  is t h e  d e g r a d a t i o n  i n  l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  a t  high 
angles  of  attack. T h i s  c h a r a c t e r i s t i c  c a n  b e  d u e  t o  a l o s s  i n  e i t h e r  s ta t ic  
s t a b i l i t y ,  C and CgB, o r  damping, and Cgp, o r  t o  a combinat ion  of   the 
two. A s o l u t i o n  t o  t h i s  p r o b l e m  t h a t  h a s  b e e n  s t u d i e d  d u r i n g  t h e  s i m u l a t i o n  
i n v e s t i g a t i o n s  is t h e  u s e  of s t ab i l i t y  augmen ta t ion  t a i lo red  fo r  h igh -ang le -o f -  
a t t ack  cond i t ions .  An e f f e c t i v e  c o n t r o l  l a w  has  been found to  be 
r - pcx to  rudder  feedback ,  o r  s t a b i l i t y  axis yaw damping. Shown i n  
f i g u r e  1 0  are Dutch r o l l  mode damping c h a r a c t e r i s t i c s  v e r s u s  a i n  1-g f l i g h t  
f o r  a n  a i r p l a n e  w i t h  a n d  w i t h o u t  a s t a b i l i t y  axis yaw damper.  The d a t a  show 
t h a t  t h e  damper w a s  q u i t e  e f f e c t i v e  i n  i n c r e a s i n g  Dutch r o l l   s t a b i l i t y  up t o  
'30" ang le  o f  a t t ack ;  a t  h igher  a ,  i ts  e f f e c t i v e n e s s  d e c r e a s e d  d u e  t o  a combi- 
n a t i o n  of  reduced  rudder power and l o s s  of s ta t ic  s t a b i l i t y .  I n  a d d i t i o n  t o  
augmenting  damping, t h e  u s e  of rs feedback   a l so  restricts t h e  a i r p l a n e  t o  
r o l l  a b o u t  i t s  f l i g h t  p a t h  w h i c h  is necessa ry  to  p reven t  t he  gene ra t ion  of 
l a r g e  amounts of s i d e s l i p  d u r i n g  r o l l i n g  maneuvers a t  h igh  ang le s  of a t t a c k .  
If t h e  a i r p l a n e  is ro l l ed  abou t  i ts body a x i s  i n  t h i s  r e g i o n ,  a kinematic  
in te rchange  be tween angle  of  a t tack  and  s ides l ip  occurs .  The large magnitudes 
of s ides l ip  thus  gene ra t ed ,  coup led  wi th  low d i r e c t i o n a l  s t a b i l i t y ,  c o u l d  r e s u l t  
i n  a depar ture .  However, i f  t h e  a i r p l a n e  i s  r o l l e d  i n  a conical  motion about  
i ts  f l i g h t  . p a t h ,  t h e n  a/B c o u p l i n g  d o e s  n o t  o c c u r ,  a n d  t h e  s u s c e p t i b i l i t y  t o  
d e p a r t u r e  is decreased.  The s i m u l a t i o n  r e s u l t s  h a v e  v e r i f i e d  t h a t  t h i s  c o n c e p t  
does  indeed  enhance  depa r tu re  r e s i s t ance  in  add i t ion  to  p rov id ing  inc reased  
damping a t  h igh  angles  of  a t tack .  
"B 'nr 
Degradation of l a t e r a l - d i r e c t i o n a l  dynamic s t a b i l i t y  a t  h igh  ang le s  of 
a t t a c k  is most o f t e n  d u e  t o  l o s s  of s t a t i c  d i r e c t i o n a l  s t a b i l i t y  and d i h e d r a l  
effect .  Damper systems  based  on rate feedback,  such as t h e  s t a b i l i t y  a x i s  yaw 
damper discussed above, are g e n e r a l l y  less e f f e c t i v e  i n  a u g m e n t i n g  s t a b i l i t y  
i n  t h i s  s i t u a t i o n .  O b v i o u s l y ,  t h e  b e s t  s o l u t i o n  is t o  d i r e c t l y  augment 
and CgB by d r i v i n g   t h e   a p p r o p r i a t e   c o n t r o l s   w i t h  a s i d e s l i p   s i g n a l .   F i g -  
u r e  11 shows d a t a  f o r  a c o n f i g u r a t i o n  w h i c h  t y p i f i e s  t h e  l o s s  of dynamic sta- 
b i l i t y  a t  h igh   ang le s   o f   a t t ack   due   t o   deg raded  CgB and C% c h a r a c t e r i s t i c s .  
The l o s s  i n  s ta t ic  s t a b i l i t y  a b o v e  25" ang le  of a t t a c k  is r e f l e c t e d  i n  a sha rp  
d r o p   i n   t h e   p a r a m e t e r  C which  ind ica tes  a p o s s i b l e  d i r e c t i o n a l  d i v e r - .  
gence a t  a = 30'. Also shown i n  f i g u r e  11 are r e s u l t s  o b t a i n e d  by augmenting 
CnB and  above a = 2 5 " .  The r e s u l t i n g  CnB,dyn va lues   remain   l a rge  a t  
h igh  ang le s  of a t t a c k  i n d i c a t i n g  no i n s t a b i l i t y  i n  th i s  r eg ion .  Th i s  cha rac -  
ter is t ic  is confirmed i n  f i g u r e  1 2  w h i c h  shows t h a t  t h e  r e s p o n s e  of t h e  aug- 
mented a i r p l a n e  t o  an appl ied  rudder  double t  a t  a = 30" is  a well-damped, 
h i g h e r - f r e q u e n c y  o s c i l l a t i o n  t h a n  t h a t  o f  t h e  b a s i c  a i r p l a n e .  I n  t h i s  case, 
the  augmentat ion of C and CgB w a s  accomplished  by feeding a B s i g n a l ,  
es t imated  us ing  convent iona l ly  ava i lab le  measurements ,  to  dr ive  the  a i le rons  
above a = 25O. A i l e r o n  d e f l e c t i o n  o n  t h e  p a r t i c u l a r  c o n f i g u r a t i o n  p r o d u c e d  
v e r y  l a r g e  a d v e r s e  yawing moments a t  h i g h  a n g l e s  o f  a t t a c k  s u c h  t h a t  t h e y  
cnB 
nB, dyn 
nB 
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cou ld   no t   be   u sed   fo r   ro l l i ng   above  a = 25’. These   l a rge  yawing  moments, how- ! 
ever, were used very advantageously to  augment s t a b i l i t y  as shown below: 
Augmentation l a w : ’  6 = K B,  KB > 0 
a 1 3  
‘n 
= C  + K  - C  
Baug  n6 a 
Since i s  n e g a t i v e ,   t h e  B f eedback   t ohe   a i l e rons   augmen t s   d ihed ra l  
e f f e c t ;  i n  a d d i t i o n ,  b e c a u s e  is pos i t ive ,  the  feedback  a l so  augments  
d i r e c t i o n a l  s t a b i l i t y  by the  increment  K 
‘n6 a 
B which is cons ide rab le  s ince  
C is la rge .   Note   tha t   the   s imul taneous   augmenta t ion   of   d ihedra l   e f fec t  
C were not   adverse .   This  case i l l u s t r a t e s   t h e   i m p o r t a n t   c o n c e p t   o f   u s i n g  
n6 a 
and d i r e c t i o n a l  s t a b i l i t y  u s i n g  t h e  s i n g l e  c o n t r o l  would n o t  b e  p o s s i b l e  i f  
n6 a 
a l l  a v a i l a b l e  c o n t r o l  moments for  augmentat ion and control  a t  h igh  angles  of 
a t t a c k ,  i n c l u d i n g  t h o s e  t h a t  are convent iona l ly  cons idered  adverse ,  s ince  these  
c o n t r o l s  c a n  o f t e n  b e  q u i t e  p o w e r f u l  i n  t h e  s t a l l  reg ion .  
C O m L A T I O N  WITH FLIGHT  RESULTS 
A s  i nd ica t ed  earlier, a11 t h e  LaRC s t a l l / s p i n  s i m u l a t i o n s  p e r f o r m e d  t o  
d a t e  have invo lved   ac tua l ,   cu r ren t ,  combat a i r c r a f t   c o n f i g u r a t i o n s .   T h i s   s i t u a -  
t i o n  p e r m i t s  c o r r e l a t i o n  o f  t h e  s i m u l a t i o n  r e s u l t s  w i t h  t h o s e  o b t a i n e d  i n  
a c t u a l  f l i g h t .  I n  a d d i t i o n ,  q u a l i t a t i v e  v a l i d a t i o n  of t h e  s i m u l a t i o n s  is 
o b t a i n e d  e a r l y  i n  t h e  programs by t h e  p a r t i c i p a t i o n  o f  a p p r o p r i a t e  i n d i v i d u a l s  
t o  f l y  t h e  s i m u l a t o r .  T h e s e  i n d i v i d u a l s  i n c l u d e  company as well as m i l i t a r y  
test  p i l o t s  d i r e c t l y  i n v o l v e d  w i t h  f l i g h t  t e s t i n g  of t h e  p a r t i c u l a r  s t u d y  con- 
f i g u r a t i o n .  R e s u l t s  t o  d a t e  h a v e  shown good q u a l i t a t i v e  c o r r e l a t i o n  between 
s imula tor  and f l i g h t  r e s u l t s .  The s imula t ions  have  been  found to  be  e f fec t ive  
i n  p r e d i c t i n g  t h e  g e n e r a l  h i g h - a n g l e - o f - a t t a c k  s t a b i l i t y  and con t ro l  cha rac t e r -  
istics o f  pa r t i cu la r  conf igu ra t ions ;  i n  add i t ion ,  po ten t i a l  p rob lems  as w e l l  as 
b e n e f i t s  of v a r i o u s  c o n t r o l  schemes ident i f ied  dur ing  the  s imula t ions  have  
agreed w e l l  w i t h  f l i g h t  r e s u l t s .  Thus ,  an  add i t iona l  bene f i t  of t h e  s i m u l a t i o n  
technique is t h a t  i t  can  be  used  to  s tudy  the  e f fec t  o f  genera l  cont ro l  schemes ,  
such as norma l  acce le ra t ion  and r o l l - r a t e  command, o n  h i g h - a  f l i g h t  
cha rac t e r  is t ics  . 
Many of t he  depa r tu re  p reven t ion  concep t s  s tud ied  in  the  s imula t ion  p ro -  
grams  have  been  implemented  and are employed i n  c u r r e n t  f i g h t e r  a i r c r a f t .  F o r  
example, LaRC s tudies  on  ro l l lyaw- in te rconnec t  concepts  were ins t rumenta l  
i n  the  deve lopmen t  of t h e  ARI sys t em cu r ren t ly  used  on  the  F-14 a i r p l a n e .  
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CONCLUDING REMARKS 
This paper has discussed recent NASA s tud ie s  on automatic spin pre- 
vent ion for  f ighter  a i rplanes.  This  approach to  providing spin r e s i s t a n c e  is 
a promising method to  achieve this  goal .  This  concept  has  become widely 
accepted by indus t ry  in  the  Uni ted  States, and such systems have been imple- 
mented on t h e  F-14, F-15, F-16, and F-18 des igns .  In  order  to  be  e f fec t ive ,  
however, the approach must be considered early in the  des ign  s tages  of m i l i t a r y  
a i r c r a f t .  
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Figure 1.- Scope of stall/spin research program. 
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Figure 2.- Automatic cont ro l  concepts  for  depar ture / sp in  prevent ion .  
Figure 3. -  General arrangement of the Langley differential  
maneuvering s imulator  faci l i ty .  
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Figure 4.- View of cockpit and visual display within one sphere of DMS. 
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Figure 5.- Yawing moments produced by lateral-directional cont ro ls .  
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Figure 6.- Illustration of roll reversal. 
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Figure 7.- Stick-to-rudder interconnect concept. 
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Figure 8 . -  Effect of roll/yaw interconnect i n  rolling reversal maneuver. 
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Figure 9.- E f f e c t  o f  i n t e r c o n n e c t  o n  r o l l  r e s p o n s e  t o  lateral  s t i ck  input .  
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Figure  10.- E f fec t  of s t a b i l i t y  axis yaw damping 
on Dutch r o l l  mode damping. 
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Figure 11.- Variation of lateral-directional stability 
characteristics with and without  augmentation. 
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